Heat as a natural, low-cost tracer in mine water systems: the attenuation and retardation of thermal signals in a reducing and alkalinity producing treatment system (RAPS).
Introduction

Tan-y-Garn was a small drift colliery at Garnswllt, Ammanford, Carmarthenshire, South Wales, UK (51.7696°N 3.9849°W; OSGB36 Grid reference SN 6313 0973). The mine complex underlies a total area of less than 0.3 km 2 and worked the "Ynysarwed" coal seam from 1876 to 1990. This "Ynysarwed seam" is often taken to be synonymous with what is currently referred to as the Rhondda No. 2 seam (Strahan et a., 1907) , although the naming of seams has historically been somewhat arbitrary and problematic to relate to current accepted nomenclature. In the specific case of Tan-y-Garn, it seems more likely that the seam worked was the stratigraphically slightly relatively thick sandstone unit with subordinate silts and shales. The worked seam was recoded as 2ft 11 inches (89 cm) thick at "Old Garn Swllt" colliery by Strahan et al. (1907) . The local dip of strata is between 10° and 17° S to SW according to BGS (1977) .
Following abandonment in around 1990, the Tan-y-Garn workings (c. 0.12 km 2 ) thus flooded, and eventually overflowed via a mine entrance as a polluting ferruginous discharge on the south side of the local stream, the Afon
Cathan. The workings of Tan-y-Garn underlie the area south of this main minewater discharge point and are thus below the discharge level, reaching down to elevations of -30 m below sea level. The mine was connected to the adjacent Garnswllt colliery (SRK, 1994) to the west of the discharge point The water has typically has a relatively constant temperature of approx. 11 °C.
After intense rainfall episodes, however, sharp deviations ('spikes') in both temperature and electrical conductivity can be observed in the mine water.
These are believed by the UK Coal Authority (who manage the scheme) to represent occasional entry of surface run-off, during rainfall events, to the otherwise groundwater-dominated mine water discharge. The system is described in full in the accompanying paper by Taylor et al. (in press ).
The iron-rich (pH 6.2, 40-50 mg L -1 iron) water flowing from the mine is treated before it is allowed to discharge to the Afon Cathan. This is achieved by means of a Reducing and Alkalinity-Producing system (RAPS), which passively adds bicarbonate alkalinity to the water via dissolution of limestone clasts in a reducing organic matrix. It is intended that the reducing environment should maintain iron in its dissolved ferrous (Fe II ) state and prevent armouring of the clasts by ferric oxyhydroxides (in reality, in the Tany-Garn system, iron and sulphate concentrations decrease through the RAPS, suggesting removal of iron as an oxyhydroxide and/or sulphide precipitate - Taylor et al., in press ). On exiting the RAPS, the water flows down a sequence of aeration cascades and settlement ponds, where ferrous iron is allowed to oxidise, hydrolyse and precipitate as ferric oxyhydroxide ('ochre').
The principles of such a scheme are described by (Kepler and McCleary, 1994; Watzlaf et al., 2000; Younger et al., 2002; Amos and Younger, 2003; PIRAMID Consortium, 2003; Fabian et al., 2005) . The specific Tan-y-Garn system is described by Atkins, 2006; Watson et al., 2009; Geroni, 2011; Geroni et al., 2011; Geroni et al., 2012; Taylor et al., in press ). • Up to a maximum freeboard 30 cm of standing supernatant water, derived from mine drainage. The flow from the mine varies somewhat seasonally.
The RAPS System
• 10 cm upper layer of municipal (peat-free) compost.
• 60 cm mixed layer of 50:50 vol.% municipal compost and limestone gravel, with a maximum limestone clast size of 40 mm.
• lower layer of 10 cm of limestone gravel.
• an underdrain, comprising silica gravel and embedded drainage pipes, of design thickness of 22.5 cm to the base of the embedded pipes. The drainage pipes feed the water into an outflow pipe.
The RAPS is thus around 1 m thick. It has a top surface area of around 280 m 2 as an oval shape approx 30m by 10m. The liquid surface area is dependent on flow rate, however: low flows can cause portions of the lagoon surface to dry out.
The outflow pipe is flexible and the level of its mouth can be adjusted. Thus, the head difference across the RAPS can be manipulated. The supernatant water level in the RAPS depends on the head gradient (the controlled level of the outflow pipe), the hydraulic permeability of the RAPS media and the flow entering the system. 
Methods and Materials
Objective
Tracer tests have previously been successfully used to elucidate hydraulic conditions and modal and mean residence times in mine systems and RAPS (Aldous and Smart, 1988; Diaz-Goebes and Younger 2004; Wolkersdorfer, 2002; Wolkersdorfer et al. 2005, in press; Watson et al. 2009 ). With these aims in mind, a combined thermal and chemical (NaCl) tracer test was carried out on 25 th June 2008 (Taylor, 2008; Taylor et al., in press ) at Tan 
Combined Tracer Test: June 2008
The combined sodium chloride and thermal tracer test started at 13:10 on 25 When the drum was full, after some 300 s, the cold saline water from the drum was allowed to overflow via a hose back to the access chamber, downstream of the impoundment, re-joining the total mine water flux (to result in the narrow spike in electrical conductivity at L1 - Figure 5b ). Over the course of the next below, the magnitude of the heat sink that the ice represents is dominated by the latent heat of fusion of the ice, rather than its sensible heat, and is thus not highly sensitive to the ice temperature. If it is assumed that the mass of the ice is negligible, relative to the mine water volume to which it is added, the ice can be regarded as a heat sink (source of cooling) of magnitude H, relative to a baseline temperature of 10.89 °C (the ambient mine water temperature),
where
where c ice = specific heat capacity of ice = 2.05 kJ kg -1 K -1 (Rauf, 2012) ; c water = specific heat capacity of water = 4.2 kJ kg -1 K -1 (Incropera et al., 2007) ; T ice = the initial temperature of the ice, which is unknown (°C);
T melt melting temperature of ice (0 °C).
If it is assumed that T ice = -5 (±2) °C (the result is not highly sensitive to this assumption), then the ice addition represents 200 × (2.05 × 5 + 379.7) kJ = c.
78 (± 1) MJ of "coolth". For Over the 70 minute course of the tracer injection, this 78 MJ represents an average thermal cooling power of 78 MJ / 4200 s = 18.6 kW.
The test was monitored by four electronic loggers (Schlumberger Water
Services Diver ® type) installed at the site (Figure 1 ) at the following locations:
• B1 in the open air adjacent to the RAPS, measuring ambient air temperature and barometric pressure (Baro-Diver ® ). The readings from diver B1 were used to compensate divers L1 to L3 for atmospheric pressure.
• L1 in the "inflow chamber" receiving mine water from the mine entrance, recording water level and influent water temperature and electrical conductivity (CTD-Diver ® ).
• L2 in the RAPS supernatant water, measuring water level and water temperature (Mini-Diver ® ) located near downstream end for reasons of access).
• L3 in the RAPS effluent chamber, measuring water level, water temperature and electrical conductivity (CTD-Diver ® ). A 30° v-notch weir was installed in the chamber, allowing flows to be calculated from water levels in at L3, using a conversion algorithm provided by the Coal Authority. Manual readings were taken at the weir board at regular intervals to confirm logged data.
No density compensation was made to divers L1 to L3 as the electrical conductivity at the NaCl tracer peak in the RAPS effluent only reached 750 µS cm -1 and the total variation over the course of the test was only 100 µS cm -1 (Figure 5b) Figure 5a shows the temperature spike in the influent water at L1 during the introduction of the cold water to the access chamber. The average influent water temperature (T inf ) during the tracer injection was 7.06°C. Given a flow
Results
Thermal Tracer Test
, a tracer pulse duration (t pulse ) of 70 mins. (4200 s) and a baseline (T baseline ) of 10.89 °C, this equates to a thermal pulse (H) of:
where C water is the volumetric heat capacity of water = 4.2 kJ L -1 K -1 (Incropera et al., 2007) . Figure 5a) at night. The overall effect is that the effluent is largely buffered from diurnal temperature variations (Figure 3 ) and that the effluent is some 3°C warmer than the original mine water temperature (L1), reflecting the average influent water and atmospheric temperatures to which the RAPS has been exposed over the previous few days.
While the attempted ice-water tracer test can be seen in the inflow water (L1 on Figure 5a ), its signal coincides with the midday solar input of heat to the RAPS supernatant water pond. The solar input thus overwhelms the applied temperature signal and it cannot be distinguished in logger L2 (supernatant water), let alone the RAPS effluent at L3. The thermal portion of the tracer test itself was unsuccessful, but is documented here, so that subsequent researchers will recognise the need to apply far larger thermal signals to such systems. Additionally, it might be wise to carry out such tests during periods of more stable temperature (e.g. cloudy conditions, evening-time).
The saline tracer signal emerged from the base of the RAPS with an injectionto-peak concentration travel time of 23 h. The chemical tracer test has been interpreted by Taylor et al. (in press) , who found that a simple 1-D advectiondispersion model was adequate to simulate the initial tracer breakthrough, but not the long "tail" of the signal. They found that the addition of two further components were necessary for a good match between real and modelled concentrations: (i) matrix diffusion processes, according to a model by DiazGoebes and Younger (2004); (ii) a mixing-tank model to simulate the progressive dilution and exponential decay of the salt concentration in the supernatant water entering the top surface of the RAPS. Taylor et al. (in press) found that mixing processes in the supernatant water would tend to result in an apparent delay in the emergent salt concentrations, and that the mean RAPS vertical transit time of the mobile pore water and associated conservative tracer, is likely to be somewhat less, at 17 h.
Diurnal temperature signals
In contrast to the first day of the tracer test, the 2 nd and 3 rd days after the tracer test (t = 18 to 66 h) are rather cool, with daytime temperatures not exceeding 15°C (Figure 5a Table 1 . Modified after Taylor (2008) .
In the February 2007 data, the RAPS effluent temperature was in the range 7 to 11°C (cooler than the original mine water discharge). Eight characteristic diurnal temperature maxima or minima (a-h) were identified in both the air and RAPS effluent temperatures (Figure 8 ), where the thermal time lag varied from 14 to 21 h. Additionally, using statistic correlation of the time series, the average time lags resulting in optimal statistical correlation were also calculated for each week of February 2007 ( Figure 6b and Table 1) , and these ranged from 16 to 22 h.
Fourier analysis has been applied to the apparently diurnal signals in the RAPS effluent to verify that no cyclical fluctuations at other frequencies are apparent. The results simply demonstrated that the diurnal signal was the only identifiable signal in the data.
Transmission of diurnal temperature signals -advection or conduction?
It is reasonable to query whether we can be sure that the diurnal temperature signals are being transmitted primarily by advection, or whether they can be explained purely by conductive heat transfer through the RAPS medium.
If the transport of heat is dominated by advection, one should observe that the apparent thermal velocity is related to water throughflow rate in the RAPS.
Indeed, from Table 1 , the shorter time lags were observed towards the end of Secondly, one can apply equation (3), cited by Williams and Gold (1976) , for cyclical diffusion of a temperature signal by thermal conduction only:
where t = time ( It is thus concluded that advection is the primary mechanism responsible for transmitting the diurnal temperature signals to the RAPS effluent water.
Analysis of thermal retardation
Thermal signals are retarded in porous media (de Marsily, 1986; Banks, 2012) , relative to hydraulic transport or transport of conservative solutes. This retardation is expressed by a dimensionless thermal retardation factor R th , (defined as the ratio between the linear travel time (t th ) for a heat signal relative to the mean linear hydraulic travel time (t hyd ) for a representative water molecule or conservative tracer -see Bodvarsson, 1972; Banks, 2012) where ) (common values for heat capacity are shown in Table 2) • n e = effective porosity of saturated aquifer ( (Table 1) .
Discussion -Implications for RAPS Design
It is important to understand the modal and mean residence times of water being treated in a RAPS unit in order to assess the system's performance against design criteria. This would allow the improvement of future designs, e.g. by optimising the design residence time (Kusin et al. 2012; Kusin 2013) . Wider applications include similar compost-based throughflow systems (e.g.
anaerobic compost wetlands) where sulphate reduction is encouraged in order to precipitate and immobilise metals as sulphides. Thermal tracing methods might also be applied in other passive water treatment systems, which rely on water having a certain residence time in any type of treatment media, and where such systems are exposed to diurnal temperature changes.
Conclusion
A thermal tracing test has been attempted in a RAPS at Tan 
